A novel 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) graft γ-amino propyl triethoxy silane (KH550) was synthesized and introduced on the surface of wood fi ber. Finally DOPO-g-KH550 treated wood fi ber (DKTWF) was used to prepare DKTWF composite phenolic foams (DKTWFCPF). The structures of DOPO-g-KH550 was acknowledged by Fourier transform infrared (FT-IR) and nuclear magnetic resonance ( 1 H-NMR). The structures of DKTWF were confi rmed by FT-IR. Compared with wood fi ber, the diffraction peaks' position was basically unchanged, but the crystallinity was slightly increased and thermal stability were dramatically improved, T 5% and T max increased by 21.9 o and 36.1 o respectively. But the char yield (800 o ) was slightly reduced. With the dosage of DKWF, there were different degrees of improvement including the mechanical properties, fl ame retardancy and microstructure of DKTWFCPF. Comprehensive analysis, the interfacial compatibility was signifi cantly improved between DKTWF and phenolic resin, and the suitable content of DKTWF was 4%.
INTRODUCTION
Phenolic foam (PF) is one of excellent retardant material, which is characterized with low thermal conductivity and low toxic gas during fi re, and has been widely applied in the thermal insulation fi elds: architecture, factory pipeline and transportation 1, 2 . However, the high brittleness is one of greatest defect of phenolic foam, and greatly limits its large-scale application 3, 4 . As a natural environmentally friendly material, wood fi ber has excellent properties: low density, high tensile and fl exural moduli 5-9 , which is widely applied in the fi eld of polymer composite materials 10-12 . However its inherent hydrophilic and poor compatibility between wood fi ber and polymers which results in poor adhesion. Silane coupling agents are commonly used to modify wood fi bers to improve interfacial compatibility between wood fi ber and polymer matrix 13, 14 . Γ-amino propyl triethoxy silane (KH550) is an excellent silane coupling agent, which contains alkoxy silane and amino group which can interact with hydrophilic group of wood fi ber surface and hydrophobic polymers, and amino group also provides convenience for modifi cation. Although the mechanical properties of treated wood fi ber (using silane coupling agent) composite PFs are improved, and interfacial compatibility is also enhanced between treated wood fi ber and polymers, limited oxygen index (LOI) of composite PFs are reduced compared with PF 3, 15 . Therefore it is necessary to fi re retardant treatment of wood fi ber.
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-(DOPO) is a halogen-free phosphorous fl ame retardant, which is characterized with smokeless, non-toxic, non--migration, durable fl ame retardant properties, and the multiple structural diversifi cation by functionalization
16-21
. The molecular structure of DOPO contains six-membered phosphorus heterocyclic structure, and phosphorus atoms have active lone pair electrons, which are prone to nucleophilic addition reaction. The active hydrogen of P-H bond can be reacted with a variety of electron-defi cient derivatives, leading to a wide range of compounds with phosphaphenanthrene skeleton 22, 23 . In this article, a novel DOPO-g-KH550 was synthesized. The structure of DOPO-g-KH550 was characterized by Fourier transform infrared spectroscope (FT-IR) and nuclear magnetic resonance ( 1 H NMR) spectra. DO-PO-g-KH550 was introduced on the surface of wood fi ber (WF). FT-IR, X-ray diffraction (XRD), scanning electron microscope (SEM) and thermogravimetric analysis (TGA) of DOPO-g-KH550 treated wood fi ber (DKTWF) were determined. Finally treated wood fi bers were used to prepare DKMWF composite phenolic foams (DKTWFCPF). The mechanical properties, fl ame resistance, and microstructure of DKTWFCPF were measured.
EXPERIMENTAL

Material
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was buyed from Shenzhen Jinlong Chemical Technology Co., Ltd. Γ-amino propyltriethoxy silane (KH550) was obtained from United States Carbon Company; Wood fi ber was obtained from Guangxi Fenglin Wood Industry Group Co., Ltd. Phenolic resin (PR) were obtained from Institute of Chemical Industry of Forestry Products, CAF. Polysorbate-80, petroleum ether, formic acid and dicumyl peroxide (DCP) were obtained from Sinopharm Group Chemical Reagent Co. Ltd.;
Synthesis of DOPO-g-KH550
DOPO (0.13 mol) and KH550(0.05 mol) were added into a 250 mL four-necked round bottom fl ask fi tted with stirrer, aerated nitrogen for 5 minutes, and heated to 140~150 Subsequently, DOPO-g-KH550 was dried to a constant weight in a vacuum drying oven at 50 o C (Fig. 1) .
DOPO-g-KH550 treatment of wood fi ber (DKTWF)
Wood fi bers were treated with silane solution (2 wt% DOPO-g-KH550, 2 wt% DCP, and the pH adjusted to 3.5 with formic acid) for 4 h. Finally, wood fi bers were dried for 24 h at 60 o C.
Preparation of wood fi ber composite PFs
Surfactants (Polysorbate-80), acid curing agents, blowing agents (petroleum ether), treated wood fi bers were added into phenolic resin and mixed well, then poured into the mold. The PFs were obtained after foaming for 40 min at 70 o C.
Measurements and characterization
FT-IR Measurements. FT-IR spectra were recorded on a Nicolet IS10 FT-IR spectrometer with KBr pellets under air atmosphere.
1 H NMR Measurements. 1 H-NMR was conducted on DRX 500 NMR spectrometer (400 MHz) (Bruker, Germany) at room temperature using tetramethylsilane (TMS) as an internal reference.
X-ray diffraction Measurements. X-ray diffraction of wood fi bers was recorded with Shimadzu 6000X X-ray diffraction measurements.
Scanning electron microscopy (SEM) of wood fi bers and foams. The micro morphology observation of wood fi bers and phenolic foams was carried out using a Hitachi S3400-Nscanning electron microscope. 
RESULTS AND DISCUSSION
The structure of DOPO-g-KH550
FT-IR. Figure 2 shows FT-IR spectra of DOPO-g--KH550. Figure 3 . In the structure of DOPO, aro und changed. But the peaks' intensity was slightly enhanced. The reason could be explained that during the process of modifi cation, wood fi bers were immersed in the acid solution, a partial of impurities, small and soluble molecules on the surface of wood fi bers were dissolved and removed by suction fi ltration
35
. Hence the cellulose could be better arrangement, and the crystallinity of DKTWF was slightly enhanced. . Figure 4 . It could be obviously found that the characteristic absorption bands of DKTWF was enhanced at 290 0cm -1 , 1425 cm −1 , 1050 cm -1 , which were ascribed to CH 2 , P=O, and Si-O respectively. The reason could be explained that the reaction was occurred between some of the hydroxyl groups on the surface of wood fi ber and the hydroxyl groups of DOPO-g-KH550 (obtained after hydrolysis of silane), thus generated an ether bridge, and -Si-O-Si-, -Si-O-C-(around 1050 cm -1 ) and aliphatic chain (CH 2 in DOPO-g-KH550) were introduced in the surface of fi ber 25, 32, 33 . These absorptions suggested that DOPO-g-KH550 was successfully introduced on the surface of wood fi bers. 
The properties of wood fi bers FT-IR. FT-IR spectra of wood fi bers are shown in
SEM.
As shown in Figure 6 . The surface of WF was more rough than DKTWF, and was covered by pectin, waxy substance, impurities and so on 34 . Compared with WF, the surface of DKTWF became smoother, and covered a thin layer of material. It could be interpreted that a partial of impurities, small and soluble molecules on the surface of wood fi ber were dissolved and removed by suction fi ltration
33
. In the meantime, DOPO-g-KH550 was introduced on the surface of wood fi bers. This was benefi cial for improving interfacial compatibility between wood fi bers and polymer matrix 35 . Thermal Stability. As shown in Figure 7 . It could be seen that T 5% (evaluated by the temperature of 5 wt% mass loss) 36, 37 and Tmax (the temperature of maximum weight loss rate) 36 , 37 of DKTWF were increased from 244. 
) was slightly reduced from 30.37% to 28.75%. These could be explained that the structure of DKTWF contained phosphorous and silicon, which could migrate to the external char layer and form a thick and compact the char layer, which could limit the emissions of volatile thermal degradation products and delay the process of degradation 38-40 . In addition, during the process of wood fi bers modifi cation, a partial of impurities, small and soluble molecules on the surface of wood fi bers were dissolved and removed by suction fi ltration, which was one possible reason for the reduction in residual carbon(800 o C).
The properties of PFs
Compression and bending strength. As shown in Figure 8. Compression strengths of DKTWF composite PF (DKTWFCPF) were less than that of PF. But compression strength gradually increased with the dosage of DKTWF. However bending strengths of DKTWFCPF were more than that of PF, and with the increase of DKTWF, fi rstly increased and then decreased. When amount of DKTWF was 4%, bending strength was maximum. The result showed that the toughness of composite foams was enhanced when DKTWF was introduced composite foam. And DKTWFCPF became softer than PF. Therefore compressive capacity of DKTWFCPF was less than PF. Due to the improvement of toughness, the resistance bending ability of DKTWFCPF was signifi cantly better than PF, and when the resistance bending ability was maximum when amount of DKTWF was 4%.
Tensile strength. Tensile strength is often used to evaluate the modifi cation effect of interfacial compatibility between fi bers and polymer matrix, the larger Tensile was strength of fi ber composites, the more effect was for improving interfacial compatibility [41] [42] [43] . As shown in Figure 8 . Compared with PF, tensile strengths of DKTWFCPF were dramatically improved. And with the dosage of DKTWF, tensile strength was gradually increased. When amount of DKTWF was more than 4%, tensile strength was basically not increased. The result showed that the resistance tensile deformation ability of DKTWFCPF improved signifi cantly. These indirectly confi rmed that the interfacial compatibility was improved between DKTWF and phenolic resin. However the suitable dosage of DKTWF was about 4%.
Limited oxygen index (LOI). LOI of PFs shows in Figure 10. With the dosage of DKTWF, LOIs of DKTWFCPF increased gradually. LOI of DKTWFCPF was identical to that of PF when amount of DKTWF was 4%, and then LOI was more than PF's. However LOIs were more than 27% (34~35%), these foams were considered as fl ame resistant materials 44 . The results showed that there was advantageous to improve fl ame retardancy of composite foams by DOPO-g-KH550 treated wood fi bers. These could be interpreted that There contained phosphorus and silicon element in structure of DOPO-g-KH550, the synergistic effect of phosphorus and silicon element improved the fl ame retardancy properties of DKTWFCPF slightly 45, 46 . In addition, there was fewer fl ame retardants when the dosage of DKTWF was less (2%), so LOI was less than that of PF. with the increase of DKTWF, there was more and more fl ame retardants, LOI was improved. Hence the suitable amount of DKTWF was equal to or more than 4%.
SEM micrographs. As shown in Figure 11 , when the dosage of DKWF was less than 6%, the cell size of PFs was about at 200~400 μm, the cell distribution was more regular. There were some larger bubble cells (500 μm) as The results showed that the infl uence of DKWF on the properties of composite foams was less as the dosage was equal to or less than 4%. It also confi rmed that the interfacial compatibility was improved between DKWF and phenolic resin.
CONCLUSIONS
The structure of DOPO-g-KH550 was confi rmed by FT-IR and 1 H NMR spectra, and was successfully introduced on the surface of wood fi ber. Compared with WF, the diffraction peak positions of DKTWF were basically unchanged, but the crystallinity was slightly increased. And thermal stability was improved signifi cantly. With the dosage of DKTWF, the mechanical properties, fl ame retardancy and microstructure of DKTWFCPF were increased. Comprehensive analysis, the interfa-
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